The unique chemistry of carbonate fuel cell offers an innovative approach for separation of carbon dioxide from greenhouse gases (GHG). The carbonate fuel cell system also produces electric power at high efficiency. The simultaneous generation of power and sequestration of greenhouse gases offer an attractive scenario for re-powering the existing coal-fueled power plants, in which the carbonate fuel cell would separate the carbon dioxide from the flue gas and would generate additional pollutant-free electric power. Development of this system is concurrent with emergence of Direct FuelCell® (DFC®) technology for generation of electric power from fossil fuels. DFC is based on carbonate fuel cell featuring internal reforming. This technology has been deployed in MW-scale power plants and is readily available as a manufactured product.
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Executive Summary
A novel concept using carbonate fuel cells for separation of carbon oxide from greenhouse gases (GHG) was explored. The application of direct (carbonate) fuel cell (DFC) for carbon dioxide sequestration is based on the unique chemistry of the carbonate fuel cells in which carbon dioxide from the greenhouse gas is separated (ready-to-capture) via the migration of the carbonate ions from the cathode to the anode of the fuel cell. In addition to the CO 2 sequestration, the system was designed to produce electric power at very high efficiencies. The simultaneous generation of power and sequestration of greenhouse gases offer an attractive scenario for re-powering the existing coal-fueled power plants, in which the carbonate fuel cell would separate the carbon dioxide from the flue gas and would generate additional pollutant-free electric power. The development of this system is concurrent with emergence of FCE's DFC ® technology for generation of electric power from fossil fuels. DFC is based on carbonate fuel cell featuring internal reforming. This technology has been deployed in MW-scale power plants. The power plants based on DFC technology are simple in design and produce power with very high efficiencies and minimal environmental impact.
This project conducted the research and development essential for system design, process optimization and cost estimation to evaluate the system potential for the above application. The design activities were focused on integration of DFC-based CO 2 capture systems with coal-based power plants. The types of coal-fired power plants considered included pulverized coal (PC) boiler steam cycle, atmospheric circulating fluidized bed (CFB) boiler steam cycle, and integrated gasification combined cycle (IGCC) plants. A database of coal fired power plant exhaust stream (flue gas or GHG) was compiled based on literature search. The flue gases from PC and CFB boiler steam plants are somewhat lean in oxygen for proper operation of DFC. A simple solution was developed consisting of blending the flue gas with supplementary air before feed to the fuel cell.
A baseline DFC CO 2 separation system was configured. The system included an oxidizer to consume the unused fuel (present along with fuel cell reaction products -CO 2 and water vapor) in the DFC anode exhaust. Oxygen from a small air separation unit was used for the oxidizer reaction to prevent any dilution of CO 2 in the CO 2 -rich DFC anode exhaust. The oxidation heat is recovered and utilized for preheating of the cathode feed gas (flue gas from coal plant), before condensing the water out from the CO 2 -rich exhaust stream. The exhaust stream (after condenser) mainly contains CO 2 and can be further processed for sequestration. In addition to the baseline system design, alternative designs were also developed for separation rather than oxidation of hydrogen from anode tail gas. These alternatives offer an attractive option for hydrogen export as a co-product of DFC-based sequestration system.
The design activities were supported by computer process modeling and application of mass and energy balances. The system design and analysis included system simulations, and estimation of CO 2 removed from the coal plant flue gas, gas composition of the stream to sequestration and additional power generated by DFC-
Final Scientific/Technical Report Period October 1, 2004 through December 31, 2005 2 based CO 2 separation system. The baseline system was designed to separate 90% of the carbon dioxide emissions from a 200MW pulverized coal power plant (PCP). The detailed design included equipment list and sizing (for cost analysis). The 200 MW PCP was retrofitted with the DFC-based CO2 separation system generating additional 126.6 MW of power. The PC plant without CO 2 separation system released 22 tons/MW-day of CO 2 into the atmosphere. With the addition of the DFC separation system, the CO 2 released to the atmosphere was 1.4 tons/MW-day (based on the 326.6 MW total power). This is about 94% reduction in the CO 2 emission to the environment per unit of energy produced. In parallel to the design activities, laboratory scale carbonate fuel cells were operated to verify the concept and to provide input to the design activity. The tests were performed using pre-mixed gas blends simulating the exhaust of typical PC and IGCC power plants. The carbonate fuel cell's potential to transfer 90% of CO 2 from the cathode feed gas to the anode side was verified by the cell tests.
Capital cost estimates and cost of electricity (COE) analysis for the baseline DFC CO 2 separation system were performed. The installed cost of CO 2 separation system is estimated to be 509 $/kW (based on total power) for a commercial production in quantities of ten units per year (exclusive of the FGD subsystem). The cost of electricity analysis included the estimation of COE for a range of DFC-based CO 2 separation plant installations (1 to 10 units per year). The key contributing factors included plant capital cost, fuel cost, and operating and maintenance (O&M) cost. The cost increment as a percentage of levelized cost of electricity was estimated for the range of separation plant installations per year and a range of natural gas cost from $6/MMBtu to $10/MMBtu. The parametric envelope meeting the goal (<20% increase in COE) was identified. The results indicated that the mature commercial DFC sequestration systems have the potential for separating ninety percent of carbon dioxide emissions from a coal power plant while increasing the COE by less than twenty percent. The anticipated cost of energy increase is in line with DOE's goal for post-combustion systems as outlined in the "Carbon Capture and Sequestration Systems Analysis Guidelines", published by NETL, April 2005.
Two alternate configurations for the DFC-based CO 2 separation system were also developed and analyzed. The alternate configurations incorporated a hydrogen separation unit. One design option was using proton exchange membrane (PEM) electrochemical hydrogen separator (EHS) technology to separate hydrogen from the DFC anode exhaust. The other option was based on the conventional technology of pressure swing adsorption (PSA) to separate H 2 from the CO 2 -rich DFC anode exhaust stream. The system analyses, including mass and energy balances, were performed for the alternate DFC-based CO 2 separation systems. A substantial quantity of hydrogen (~21 lb H 2 /MW-h DFC generation) would be available as a co-product. The hydrogen may be exported (sold) as a commodity or recycled to DFC anode as a supplementary fuel, therefore increasing the overall efficiency of the DFC power generation. The alternate system with EHS option shows a promising method for recovery of hydrogen from the anode exhaust gas. Further development work in this area is recommended.
Progress/ Performance Results

Task 1 System Design
Task 1.1 System Requirements
The 'Design Basis and Requirements' document for the CO 2 sequestration system was developed to guide the system configuration, computer simulations and analyses. The basis for the direct (carbonate) fuel cell (DFC) CO 2 sequestration system was its application to a 200 MW coal fueled power plant. The greenhouse gas (GHG) or exhaust gas from various coal-fueled power plants was considered for removal and capture of CO 2 . The DFC based sequestration system, in addition to capturing CO 2 from GHG, would generate electric power supplementing the power produced by the coalfueled power plant. The design basis document included the sequestration plant power output characteristics, and plant life and availability requirements. Specifications of the natural gas fuel required by DFC were also included. The quality of water required for generation of steam for reforming of the natural gas fuel was specified in the document. The completed document included the plant site requirements/characteristics.
In parallel, a database of coal fired power plant exhaust stream properties including emission levels was established. Literature search to gather information for the database covered many sources. However, a complete set of data was available only from a limited number of sources. Published reports on advanced coal combustion and gasification system studies were referred for the exhaust gas/flue gas composition and flow related information. Plant exhaust stream information for a pulverized coal (PC) boiler steam cycle plant; an atmospheric pressure, coal fired circulating fluidized bed (CFB) boiler steam cycle plant; and integrated (coal) gasification combined cycle (IGCC) power plant was compiled. Table 1 .1-1 summarizes the information. More detailed information found on pulverized coal power plant flue gas is summarized in Table 1 .1-2. The table includes the power plant size (net electrical output) and flue gas flow rate, temperature and pressure along with the gas composition. Integrated gasification combined cycle power plant flue gas information was gathered from Cool Water Coal Gasification Program final report (EPRI Report GS-6806, December 1990) . The report provided data for the flue gas from the combustion turbine of the 100 MW Cool Water IGCC Demonstration power plant. The information found included extensive data on the emissions and gas compositions. Table 1 .1-3 presents the information. Process simulations using the CHEMCAD software (computer models) were performed for a natural gas combined cycle (NGCC) power plant, to generate the exhaust gas information for comparison purpose. The database was used to design a CO 2 sequestration plant, suitable for a 200 MW (design basis) coal-fueled power plant. The database provided key input for CO 2 sequestration system configuration and simulation studies performed under Task1.4. 
Task 1.2 Greenhouse Gas Conditioning
Technologies for desulfurization of GHG, prior to its utilization as the fuel cell cathode gas were considered. Technical information on one such technology called flue gas desulfurization (FGD) was gathered and reviewed. FGD units, also called scrubbers, can be used to scrub sulfur oxides out of the GHG from coal-burning boilers used in steam cycle power plants. Most of the FGD systems in the U.S. (90%) use limestone or lime as the sorbent. Limestone is a common natural substance found in abundance. In most scrubbers, limestone/lime is mixed with water and sprayed where it comes in contact with the flue gas/GHG. The limestone and sulfur combine with each other to form a wet paste or in some new scrubbers a dry powder. Sulfur is thus captured and removed from GHG. The new types of scrubbers, tested under the Clean Coal Technology Program, are more effective, low-cost and more reliable than other scrubbers.
FGD can be utilized upstream of the fuel cell in the DFC-based CO 2 separation system, to remove sulfur compounds harmful to the fuel cell operation. A specification was prepared for the FGD subsystem required to treat exhaust from a 200 MW pulverized coal boiler steam cycle plant (PC power plant or PCP). The FGD subsystem can also provide the added benefit of deep desulfurization of the flue gas before release to environment.
Task 1.3 Anode Exhaust Post-Treatment
In the DFC-based CO2 separation system for the GHG, the CO 2 -rich anode exhaust stream from fuel cell also contains water vapor and unused fuel (mainly H 2 and some CO). To make the stream CO 2 sequestration-ready, some processing or post-treatment is required. Various system options were considered. Two alternatives for posttreatment of the unused fuel were developed to make anode exhaust stream CO 2 sequestration-ready: 1) Consuming all the hydrogen and other combustibles in the oxidizer and utilizing the energy content for preheating of fuel cell cathode inlet stream (desulfurized GHG from coal-fueled power plants); 2) Recovering hydrogen so that any excess H 2 , after providing the required preheat for the cathode inlet stream, can be made available for sale as a co-product or can be recycled to DFC anode as supplementary fuel.
The former approach was taken for the baseline system configuration mainly due to its simplicity and expected lower cost. For the baseline system, the combustibles in the anode exhaust were reacted in an oxidizer. The heat was then used to preheat the Cathode-In stream. After recuperative heat exchange, the anode exhaust/oxidizer exhaust stream was cooled down in a condenser to remove water. Options of using O 2 from an air separation subsystem/unit or using air in the oxidizer were explored. The use of O 2 prevents dilution of CO 2 from N 2 present in air. However, to control the oxidizer temperature to desired level (avoid catalyst overheating), some water injection
Final Scientific/Technical Report Period October 1, 2004 through December 31, 2005 8 is required when using O 2 in the oxidizer. The added water is then condensed out (downstream of the oxidizer) along with water already present in the anode exhaust stream to concentrate CO 2 in the oxidizer exhaust for sequestration readiness. For the system using GHG from a PC boiler steam cycle power plant, the stream to CO 2 sequestration contained 89% CO 2 and 10% H 2 O (with 74% fuel utilization) compared to 58% CO 2 when air used in the oxidizer. In the alternative system, H 2 present in the anode exhaust is separated/recovered. Only the necessary amount of the recovered H 2 is then consumed in the oxidizer to provide cathode inlet stream preheat. The remaining (excess) H 2 is available as a co-product. This excess H 2 can also be recycled to DFC anode, thereby reducing the natural gas fuel requirement. Additionally, in the alternative system configuration, oxidizer exhaust is separate from the stream containing CO 2 for sequestration. Air can therefore be used in the oxidizer, eliminating the need for air separation unit and water injection (for oxidizer temperature control).
The alternative system configuration included a H 2 separation unit. Options of using an electrochemical hydrogen separator (EHS) or a pressure swing adsorption (PSA) unit were considered. EHS considered employed proton exchange membrane (PEM) fuel cell to electrochemically transfer H 2 (from EHS anode) to the recovery side (EHS cathode). Figure 1 .3-1 shows the EHS operating principle. The EHS consists of two electrodes separated by a proton exchange membrane. At EHS anode, hydrogen present in gas stream is selectively oxidized to H + , which is then transported to the cathode through the proton exchange membrane. At the EHS cathode (in absence of an oxidant), H + is reduced to gaseous hydrogen. Thus, the EHS can selectively transport H 2 from the gas fed to the anode electrode to the cathode electrode using no moving parts and with minimum energy input. In addition, the hydrogen at the cathode electrode can be compressed (if required for export) electrochemically with relatively low energy input. The theoretical potential of the reversible hydrogen reaction is zero volts. However, to obtain the desired reaction rate for hydrogen gas transport, the ohmic, activation and diffusion over-potentials in the system need to be overcome, which are relatively low. EHS technology is currently being developed by FuelCell Energy for separation of hydrogen from reformates.
To maximize H 2 recovery and prevent carbon monoxide poisoning of EHS catalyst, the process steps for the anode exhaust (from DFC) included high and low temperature carbon monoxide shift, and preferential oxidation (with controlled air injection). Carbon monoxide in the anode exhaust was reduced to ppm level. Some of the H 2 recovered by EHS was reacted in an oxidizer using air to provide preheat for Cathode-in stream. The remaining 55% of the H 2 recovered (assuming 95% H 2 recovery in EHS) can be made available as a co-product. The stream to CO 2 sequestration contained 89% CO 2 and 9% H 2 O after removing most of the water out in a condenser. The alternative configuration including PSA (conventional technology) option for H 2 separation did not require the preferential oxidation step (to lower CO to ppm level). However, it required compression of the anode exhaust stream after removal of water in a condenser. The PSA option therefore requires a seal-tight gas compressor and is somewhat energy intensive. A two stage compressor with intercooler was used to pressurize the stream to ~200 psia for feed to PSA. About 40% of the H 2 recovered (assuming 90% H2 recovery by PSA) can be made available as a co-product. The stream to CO 2 sequestration contained 96% CO 2 as more water was condensed out in this case.
The baseline system configuration, system description and analyses are presented under Task 1.4. Figure 1 .4-1 shows the conceptual system, which was utilized in the development of the simulation models. The computer based system model was used for system performance estimation and generating heat and material balances for sizing of process equipment and fuel cell. A baseline system and alternatives were configured to separate CO 2 (for sequestration) from a coal-fired power plant exhaust stream. The systems are based on DFC, which transfers one mole of CO 2 from the cathode to the anode for each mole of hydrogen consumed in the electrochemical process of generating electric power.
Task 1.4 System Analysis
Baseline System
Process flow diagram for the baseline DFC carbon separation system is shown in Figure 1 .4-2. Inlet process conditions were established for the system based on exhaust from a 200 MW plant that operates on pulverized coal. The exhaust (or GHG) from the pulverized coal power plant entering the system at 129°F (through a blower) contains 12% CO 2 and 4.5% O 2. It is mixed with supplemental air to ensure that the O 2 concentration at DFC cathodes is adequately high for fuel cell operation. The stream is heated to 1075°F and flows to the cathodes of the fuel cells where 70% to 90% of the CO 2 is transferred to the anodes. The stream leaving the cathodes at about 1180°F is Figure 1.3-1 2005 depleted in CO 2 depending on the design CO 2 utilization. The cathode exit stream is depleted in oxygen to about 5%. The cathode exhaust stream provides heat for preheating the incoming stream as well as humidifying the natural gas for the fuel cells.
The fuel cell system for CO 2 separation operates on natural gas fuel. The natural gas is desulfurized, humidified and pre-reformed before flowing to the fuel cell anodes at 1000°F. The anode exhaust at 1150°F, which includes the CO 2 transferred from the cathodes as well as water produced in the fuel cells, is used to preheat the incoming fuel stream. The anode exhaust is then further cooled by evaporation of water, mixed with oxygen and fed to a catalytic oxidizer where residual hydrogen and CO from the cells are oxidized. The oxidizer exit stream at about 1200°F provides a portion of the heat needed for the cathode inlet stream in the recuperator. Water from the fuel cells as well as the water formed in the oxidizer is condensed to 110°F and separated, leaving a stream with close to 89% CO 2 , 10% water vapor and 1% oxygen which then flows from the system to CO 2 sequestration. Water recovered in the condenser is treated and recycled so that the system is self sufficient in its requirement for process water. The CO 2 separation achieved in the system was estimated based on system simulations using typical exhaust compositions from three types of conventional coal fired power plants: a pulverized coal/boiler/steam cycle plant, an atmospheric pressure circulating fluidized bed/boiler/ steam plant and an integrated gasifier combined cycle plant. The GHG or flue gas feed flow rate used for the simulations corresponded to 200 MW plant output. The performance of the DFC CO 2 separation system for processing of the three types of power plant exhausts is shown in Table 1 .4-1. The results are shown for three levels of CO 2 utilization (or transfer efficiency) at the cathodes, 70%, 80% and 90%. The table shows the CO 2 emissions to the atmosphere and the amount of CO 2 in the CO 2 -rich stream available for sequestration. For example, a 200 MW PC power plant with DFC CO 2 separation system running at 80% CO 2 utilization would put only 990 tons/MW-yr CO 2 into the atmosphere and send 5,317 tons/MW-yr CO 2 to sequestration. The additional power generated by DFC-based CO 2 sequestration system was also included in estimation of these numbers. The gas compositions of the stream available for CO 2 sequestration for the three plant types studied were very similar. The table also shows the CO 2 emissions to the atmosphere that would occur in the coal fueled plants in absence of the CO 2 separation system. For example, a 200 MW PC plant would put about 8,050 tons of CO 2 /MW-yr into the atmosphere. A 200 MW CFB would put 8,746 tons/MW-yr into the atmosphere, and an existing IGCC plant would put 7,258 tons/MWyr into the atmosphere.
Table 1.4-1 DFC-based CO 2 Separation System Performance
Detailed design of the baseline CO 2 separation system was then developed. Its application to pulverized coal (PC) boiler steam cycle plant was selected for further studies. It is anticipated that the developed detailed design for PC plant will also be suitable for the IGCC and CFB cases with minor or no modifications. The system simulation was revised to reflect the fuel cell performance (with 90% CO 2 utilization at the cathodes) established based on fuel cell tests conducted under Task 2.1. Tables 1.4-2 through 1.4-4 summarize the results for a 200 MW PCP retrofitted with the DFCbased CO2 separation system (baseline configuration). This plant without CO 2 separation system releases 22 tons/MW-day of CO 2 into the atmosphere. With the addition of the DFC separation system, the CO 2 released to the atmosphere from the combined PCP and DFC system is 1.4 tons/MW-day. The CO 2 flow to sequestration is 16.3 tons/MW-day. The performance and flow conditions for the DFC system supporting the 200 MW PCP are shown in Table 1 .4-3. The parasitic power estimate does not include power for cooling fans (for air-cooled system), flue gas desulfurizing or an oxygen plant. The configuration of the DFC system producing 126.6 MW of net AC power is specified in Table 1 .4-4. Overall, for a typical PC power plant, the DFC-based CO2 separation system reduces the CO2 released into the atmosphere from 22 to 1.4 tons/MW-day. This is about 94% reduction in the CO 2 emission to the environment per unit of energy produced.
An equipment list was prepared as shown in Table 1 .4-5. The fuel cell plant is arranged in 14 sections. Each section includes 10 fuel cell modules, which are grouped in two 5-module clusters as shown in Figure 1 .4-3. Each 5-module cluster produces about 5 MW which is converted to 13.8 kV in a power conditioning system. Each section also includes the balance of plant equipment for fuel and GHG delivery, and thermal management subsystems to support the operation of the fuel cell modules. The plant has a central control system that includes the process control logic for operation of the plant, as well as provisions for coordination and sequencing of the plant's start-up and shutdown. Heaters for plant start-up are also included in each plant section. The plant includes a central oxygen supply that provides oxygen to the anode gas oxidizer in each of the 14 plant sections. The requirement for the oxygen plant was estimated to be 583 tons/day. A specification for the oxygen plant was prepared and a meeting was arranged with PRAXAIR, a leading supplier of air separation plants. Information acquired in the meeting discussions included the recommendation that a cryogenic process air separation plant providing 97% oxygen purity was optimum. The technical and cost Information on the oxygen plant provided by PRAXAIR included parasitic power requirement estimated at about 6300 KW, plant footprint estimated at 150' x 150', capital cost estimated at 11-12 million dollars and yearly maintenance cost estimated at 2-2.5% of capital cost. This information was utilized in the system cost analysis covered later in the report.
Cost Estimate and COE Analysis for Baseline System
The baseline direct fuel cell system for carbon sequestration separates 90% of the CO 2 from flue gas of a 200 MW PCP and delivers an additional 126.6 MW of power. A capital cost estimate was prepared for the initial installation of the CO 2 separation system. Where similar, the cost of equipment was derived from FCE's recently updated cost database for multi-MW fuel cell power plants. Cost scaling factors were used for each equipment item, based on equipment size and number of items required for the plant. In addition to the process equipment cost, the estimate also included the cost of material and equipment that are part of the site installation such as civil works, piping, cabling and insulation, and the installation labor cost. Specification for a flue gas desulfurization subsystem (FGD) was prepared and forwarded to Babcock Power. However, FGD subsystem cost was not available in time to be included in the cost analysis. Estimated cost of the DFC-based CO 2 separation system is $2467/kW, exclusive of the FGD subsystem. This capital cost is the incremental capital investment based on the 126.6MW additional power produced by the DFC system. On the basis of the total (DFC + PCP) 326.6 power, the cost is 886$/kW for the first unit. The cost analysis was extended to study the effect of DFC system annual manufacturing rate (production rate) on the capital cost requirements. The analytical approach used was based on the "learning curve" method, which is a prevalent method in manufacturing industry. The learning curve methodology predicts the effect of production rate on manufactured product cost. The analysis resulted in sets of cost reduction factors (CRF), which were used to scale down the initial capital cost estimates as a function of production rate per year.
Based on the cost reduction factors developed, the capital cost was estimated for various system installation quantities per year (manufactured quantities per year). The capital cost in $/kW of the 126.6 MW DFC-based CO 2 separation plant is shown in Figure 1 .4-4 for 1 to 10 installations per year. Based on the estimated cost and the learning curve in manufacturing, the plant cost is expected to be lowered from 2467$/kW for the initial plant down to 1428 $/kW for a mature commercial product with a production rate of ten plants per year. These costs are based on the additional power of 126.6 MW generated by the fuel cell. Figure 1 .4-4 also shows the specific cost ($/kW) based on the total power plant output (PCP + DFC) of 326.6 MW. For comparison, the capital cost of a base 200 MW PCP was estimated at about 1700 $/kW including flue gas desulfurization. This estimate 1 is based on Figure 1 .4-5 where PCP plant capital cost is shown for a range of plant sizes.
Figure 1.4-5 Pulverized Coal Plant (PCP) Cost vs. Plant Size
Subsequent to the derivation of capital and installation costs, a cost-of-electricity (COE) analysis was performed. The analysis was performed for a range of DFC-based CO 2 separation plant installations from 1 to 10 units/year. Since the DFC-based CO 2 separation plant operates on natural gas, the COE estimates were also based on a range of natural gas cost from $6/MMBtu to $10/MMBtu. The basis of 7.42 cents/kWhr COE (reported as average COE on the Energy Information Administration website) was used for the 200 MW PCP power generation. The total levelized cost of electricity for a 200 MW PCP retrofitted with DFC-based CO 2 separation plant (producing 126.6 MW additional power, thereby outputting total 326.6 MW) is shown in Figure 1 .4-6. The cost increase, to the existing PCP, associated with this CO 2 separation and supplementary power generation is shown in Figure1.4-7 . The cost increase, in the levelized cost of electricity, as a percentage is presented in Figure 1 .4-8 for a range of separation plant installations per year and a range of natural gas cost. The plot also shows the goal (<20% increase in COE) reference line, thereby identifying the parametric envelope meeting the goal. As shown in Figure 1 .4-8, the objectives of limiting the increase in cost of power generation (COE) to below 20% is achievable at production rates of 5 or more units per year, in line with DOE targets 2 . Therefore, it is anticipated that commercial DFC systems are able to reach a competitive pricing structure for carbon sequestration. 
Alternate Systems
In addition to the baseline configuration, two alternate configurations for the DFC-based CO 2 separation system were also developed. The alternate configurations incorporated a H 2 separation unit. One design option was using proton exchange membrane (PEM) fuel cell-based electrochemical hydrogen separator (EHS) technology to separate hydrogen from the DFC anode exhaust. The other option was based on the conventional technology of pressure swing adsorption (PSA) to separate H 2 from the CO 2 -rich DFC anode exhaust stream.
The system analyses, including mass and energy balances, were performed for the alternate DFC-based CO 2 separation systems. A portion (~45% for the EHS option) of the recovered or separated (almost pure) H 2 was mixed with air (preheated) and fed to a catalytic oxidizer to provide the needed preheat for the cathode feed gas (flue gas from coal plant). The remaining H 2 (~21 lb/MW-h DFC generation) was available as a co-product. When the extra H 2 (available as a co-product) was recycled to DFC anode as a supplementary fuel, DFC natural gas fuel consumption decreased by ~14% (effective fuel utilization increased from 74 to 85.5%). Lab-scale single cells (carbonate fuel cell) were assembled to conduct the test experiments. The performance testing was carried out using bottled gas. Gas cylinders were ordered to provide pre-mixed gases simulating (on dry basis) the GHG (flue gas) from PC boiler steam cycle and IGCC power plants. The gas mix simulating PC boiler GHG included air supplementation necessary to enhance O 2 concentration sufficiently to ensure ~5% O 2 at the cathode exit. The bottled gas was used as the cathode feed after humidification to simulate GHG on wet basis. A standard fuel gas was used as anode feed. The extent of CO 2 separation from GHG (percent CO 2 seperated) is equivalent to the fuel cell carbon dioxide utilization as a result of CO 2 transfer to the anode. Constant CO 2 utilization cell polarization data were collected at 90, 80 and 70% utilizations. Fuel utilization was maintained at 74% throughout the tests to ensure consistency of the results. Cell inlet and exit gas compositions were measured using a gas chromatograph to estimate the reactant utilizations and to confirm cathode-toanode CO 2 transfer. The test results and related data analysis are presented under Task 2.2 next.
Task 2.2 Test Data Analysis
Cell polarization characteristic curves were prepared based on the data collected during the single cell tests reported under Task 2.1 above. Figure 2 .2-1 shows the data and constant CO 2 utilization curves for 90, 80 and 70% CO 2 utilizations based on the polynomial fit over the whole range of the current density, obtained using the simulated PC boiler GHG. To provide useful feedback for the system simulation work, linear least square fit was also applied in the narrower current density range of interest. Similarly, Figure 2 .2-3 shows the data and constant CO 2 utilization curves for 90, 80 and 70% CO 2 utilizations based on the polynomial fit over the whole range of the current density, obtained using the simulated IGCC GHG. Figure 2 .2-4 presents the corresponding linear least square fit plot (for 90% CO 2 utilization) in the current density range of interest. The performance observed in single cell tests using IGCC GHG was found to be comparable with that observed using simulated PC boiler GHG.
The test results showed that 90% CO 2 transfer in carbonate fuel cell application for CO 2 separation is possible. The fuel cell performance data acquired were utilized to refine the system simulations in Task 1.4. The detailed design of the baseline CO 2 separation system and related cost of electricity analysis were therefore based on the actual test results. 
Conclusion
The main objective of the project, conceptualization of carbonate fuel cells for separation of carbon oxide from the greenhouse gases (GHG), was completed successfully. The concept was applied for the removal of CO 2 from flue gas (exhaust) of the coal-fueled power plants. Three types of coal-fired power plants were considered: pulverized coal (PC) boiler steam cycle, atmospheric circulating fluidized bed (CFB) boiler steam cycle, and integrated gasification combined cycle (IGCC) plants. The project conducted the research and development essential for system design, process optimization and cost estimation of the fuel cell-based CO 2 separation system. The CO 2 separation system's potential was evaluated for its application to a 200 MW PC power plant.
A database of coal-fired power plant exhaust stream (flue gas or GHG) characteristics including emission levels was compiled based on literature search. A design bases document defining the system requirements for the DFC-based CO 2 separation system was prepared. The information was used to guide the system configuration and simulation activity. Conditioning of the coal plant flue gas to make it suitable for feed to DFC was considered. A flue gas desulfurization (FGD) unit in combination with a downstream polishing bed can be used to capture the sulfur (SO 2 ). Further, flue gases from the PC and the CFB boiler steam cycle plants are somewhat lean in oxygen (one of the reactant for DFC). Air supplementation prior to their feed to DFC for proper operation of the fuel cell was incorporated. It is recommended that the flue gas clean-up subsystem especially the combined deep desulfurization and mercury removal systems, be the subject of further development in the future.
The anode exhaust post-treatment options for the DFC-based CO 2 sequestration system were explored. The baseline system configuration included an oxidizer. The alternative configurations incorporated a hydrogen separation unit. Both, a PEM fuel cell-based electrochemical hydrogen separator and a pressure swing adsorption-based unit were considered.
System simulations for the baseline DFC CO 2 separation system using GHG from the 200 MW coal-fired plants were performed. System analyses included estimation of CO 2 available in the stream for CO 2 sequestration and CO 2 emitted to atmosphere, and the impact of CO 2 transfer effectiveness (CO 2 utilization at DFC cathode) in 70-90% range on these results. The baseline system was designed to separate 90% of the carbon dioxide emissions from a 200MW pulverized coal power plant (PCP). The detailed design included equipment list and sizing (for cost analysis). The DFC-based CO2 separation system retrofitted to the 200 MW PCP generated additional 126.6 MW of power. The PC plant without CO 2 separation system released 22 tons/MW-day of CO 2 into the atmosphere. With the addition of the DFC separation system, the CO 2 released to the atmosphere was 1.4 tons/MW-day (based on 326.6 MW total power). The CO 2 flow to sequestration was 16.3 tons/MW-day. Overall, for the PC power plant, the DFCbased CO2 separation system reduced the CO2 released into the atmosphere from 22 to 1.4 tons/MW-day. This is about 94% reduction in the CO 2 emission to the environment per unit of energy produced. In parallel to the design activities, laboratory scale carbonate fuel cells were operated, using bottled gas simulating GHG from PC boiler steam cycle plant and GHG from IGCC plant, to verify the benefits of the concept and to provide input to the design activity. The carbonate fuel cell's potential to transfer 90% of CO 2 from the cathode feed gas to the anode side was verified by the cell tests.
Capital cost estimates and cost of electricity (COE) analysis for the baseline DFC CO 2 separation system were performed. The capital cost for the initial installation of the CO 2 separation system was estimated to be 2467$/kW (DFC power) and 886 $/kW (total power), exclusive of the FGD subsystem. The study included the effects of the number of installations (1 to 10 installations per year) on the DFC system capital cost. The installed cost of the CO 2 separation system is anticipated to decrease down to 1428 $/kW (DFC power) and $509/kW (total power) for a commercial production in excess of ten units per year.
The cost of electricity analysis included the estimation of COE for a range of DFC-based CO 2 separation plant installations and a range of natural gas prices from $6/MMBtu to $10/MMBtu. The total levelized cost of electricity for a 200 MW PCP retrofitted with DFC-based CO 2 separation plant (producing 126.6 MW additional power) was estimated. The basis of 7.42 cents/kWhr COE was assumed for the 200 MW PCP power generation. The increase in the cost of electricity, as a percentage of the basis, was estimated for the PC power plant. The parametric envelope meeting the goal (<20% increase in COE) was identified.
The results show that even at low production quantities (5 or more), the DFC systems have the potential to meet the stringent requirements of less than 20% increase in the cost of electricity while reducing the carbon dioxide emissions by 90%. The anticipated cost of energy increase is in line with DOE's goal for post-combustion systems as outlined in the "Carbon Capture and Sequestration Systems Analysis Guidelines", published by NETL, April 2005. Overall results indicate that the utilization of Direct FuelCell may provide an attractive alternative for carbon dioxide separation from exhaust of coal fired plants and simultaneous generation of electric power at very high efficiencies.
The system analyses including mass and energy balances for the alternate DFC-based CO2 separation system configurations using PEM-based EHS option (to separate H 2 from the CO 2 -rich DFC anode exhaust stream) and the conventional PSA option were completed. The system with EHS option shows a promising method for recovery of hydrogen from the anode exhaust gas. Greater than half of the hydrogen in the anode exhaust may be recovered and sold as a by-product of the CO 2 separation system. The EHS alternative has the potential for reduction of the overall cost, and offers an attractive opportunity for simultaneous co-production of electricity and hydrogen, while preventing the release of GHG to the environment. Future work towards the development of EHS and the detailed design of the alternate system is one of the research and development activities, which is strongly recommended. 
